In this paper, we present the results of ab initio model potential embedded-cluster calculations of Sm 2+ impurities in SrF 2 in order to study the behavior of the electronic transitions of the dopant ion under high hydrostatic pressure. We find that the impurity-ligand bond length shortens upon f → d͑e g ͒ excitation and, as a consequence, the f → d͑e g ͒ transition energy decreases with increasing applied pressure. On the other hand, the bond lengths do not appreciably change upon f → f excitation and the energies of the f → f transitions are almost constant with pressure. These trends are in agreement with spectroscopic measurements under pressure in the title material, which gives credit to the computed bond length changes upon excitation, in contradiction with the widespread assumption of bond length lengthening upon f → d excitations. Spectroscopic experiments under high pressure are shown to be able to provide the sign of bond length changes in electronic transitions, constituting a simpler alternative to difficult excited-state x-ray absorption fine structure experiments.
I. INTRODUCTION
Recent ab initio studies of the structure and spectroscopy of complexes of lanthanide and/or actinide ions have shown that the bond length between the f element and the surrounding ligands shortens upon the lowest f n → f n−1 d 1 excitations. [1] [2] [3] This result is quite general, as it has been obtained for different halide ligands ͑F, Cl, Br͒, environments ͑crystals, liquid solutions, gas phase͒, oxidation states of the f element ͑III, IV͒, and number of f electrons. 1, 2 However, it is in contradiction with the widespread assumption that the f n → f n−1 d 1 excitations lengthen the impurity-ligand bond distance. A direct experimental proof of the sign of the distortion upon excitation could be obtained by means of ground-and excited-state extended x-ray absorption fine structure ͑EXAFS͒ measurements. However, this kind of measurement is extremely demanding and, to our knowledge, no successful experiments for the excited states have been reported in the literature for f-element-doped solids or their complexes in liquid media.
As an alternative, it has been recently proposed that experimental spectroscopic studies under high hydrostatic pressure could be used to indirectly prove or reject the predicted bond length shortening upon the lowest f n → f n−1 d 1 excitations, 3 because quantum chemical simulations of pressure effects on Cs 2 NaYCl 6 : ͑CeCl 6 ͒ 3− , which included embedding effects, scalar relativistic effects, and dynamical electron correlation, have shown that the bond length shortening upon the f 1 → d͑t 2g ͒ 1 excitation and the predicted redshift of the f 1 → d͑t 2g ͒ 1 transition with pressure in this system are related. 3 The theoretical analyses 2, 3 lead to the conclusion that the sign of the bond length change upon i → f excitation determines the sign of the slope of the transition energy with pressure:
sign of d⌬E e ͑i → f͒ dP = sign of ⌬R e ͑i → f͒. ͑1͒
As a consequence, the theoretically found sequence of bond lengths in octahedral complexes, 1 R e ͓f n−1 d͑t 2g ͒ 1 ͔ Յ R e ͓f n ͔ Յ R e ͓f n−1 d͑e g ͒ 1 ͔, should result in experimentally observable decreasing f n → f n−1 d͑t 2g ͒ 1 , constant f n → f n , and increasing f n → f n−1 d͑e g ͒ 1 transition energies with increasing hydrostatic pressure.
All this indicates that important structural information about the excited-state geometry can be inferred from measurable pressure-induced shifts, which is complementary to that obtained from the analyses of the transition band shapes alone, since the latter depend on the square of the bond length change.
It is therefore necessary to confirm or reject the theoretical predictions experimentally. It is also necessary to confirm or reject that they hold in more complex systems than the 4f 1 open-shell Ce 3+ -doped Cs 2 NaYCl 6 . Consequently, we take these two objectives as the goals of this paper.
For these purposes, Sm 2+ -doped SrF 2 is a very suitable material: On the one hand, the luminescence of SrF 2 :Sm 2+ has been measured as a function of pressure, up to 12 GPa, 4 as a probe of pressure-induced phase transitions in the host material. As a consequence, the sign of the slope d⌬E e ͑i → f͒ / dP is known for some emissions, which have been assigned to 4f 6 → 4f 6 and 4f 5 5d 1 → 4f 6 transitions. On the other hand, 4f
6 Sm 2+ -doped SrF 2 has a much more complicated electronic structure than Ce 3+ -doped Cs 2 NaYCl 6 and gives rise to a large number of states in the f n and f n−1 d 1 manifolds with a large number of intrashell and intershell electronic interactions which have to be properly described in the calculations. Moreover, the different host provides a change in coordination, from sixfold octahedral ͑Cs 2 NaYCl 6 ͒ to eightfold cubic ͑SrF 2 ͒, that inverts the effect of ligand field on the different electronic levels while keeping a high symmetry environment that allows one to calculate and draw potential-energy curves as a function of only one geometrical variable for different values of the applied external pressure. These curves cannot be easily drawn in low symmetry systems, a fact that makes the direct analyses of the bonding and its variation with pressure and electron excitation more difficult. The calculations reported in this paper show that the excitation to the lowest-lying states of the 4f 5 5d͑e g ͒ 1 manifold, 4f 6 → 4f 5 5d͑e g ͒ 1 , shortens the Sm-F bond distance and this is associated with a redshift of the 4f 6 → 4f 5 5d͑e g ͒ 1 transition energy with increasing pressure. This redshift has been, in fact, observed experimentally. 4 They also show that transitions to excited states of the 4f 6 manifold do not appreciably change the bond distances so that 4f 6 → 4f 6 transition energies virtually do not change with pressure. This result is confirmed experimentally. 4 Altogether, the results and their comparison with experimental data support the predicted bond length changes and confirm that high hydrostatic pressure spectroscopy is a technique valuable to give information about the geometry of excited states of f-element-doped ionic solids.
The paper is organized as follows: In Sec. II we present the details of the calculations. In Sec. III, we present the results and discussions. In Sec. IV, we present the conclusions of the paper.
II. DETAILS OF THE CALCULATIONS
The effects of hydrostatic pressure on the local structure and electronic transitions of the ͑SrF 8 ͒ 6− defects in SrF 2 were studied using the relativistic ab initio model potential ͑AIMP͒ embedded-cluster method. 5, 6 More detailed descriptions of the method as applied to f-element ions in ionic crystals can be found in Ref. 7 . To incorporate scalar relativistic effects, we have used effective core potentials both for Sm and F. For Sm, we have used the ͓Kr͔-core spin-free relativistic AIMP and the ͑14s10p10d8f͒ Gaussian valence basis set of Ref. 8 , augmented with a g function comprising three primitive functions whose exponents were obtained by maximum radial overlap with the Sm 4f orbitals. The final contraction pattern was ͓6s5p6d4f1g͔. For F, we have used the ͓He͔-core AIMP and the ͑5s6p1d͒ valence basis set of Ref. 2 . In order to incorporate dynamic electron correlation effects, complete active space self-consistent field 
calculations 9 followed by multistate second order perturbation calculations ͑MS-CASPT2͒ 10,11 were done on a total of 20 and 22 electronic states with dominant 4f 6 and 4f 5 5d
1 electron configurations, respectively. The active space was generated by all possible configurations in which the 6 openshell electrons occupy the 13 molecular orbitals of main character Sm 4f, 5d, and 6s. Seventy-eight valence electrons of the ͑SmF 8 ͒ 6− cluster were correlated in the MS-CASPT2 step. These electrons occupy the molecular orbitals of main character Sm 5s, 5p, 4f, 5d, 6s and F 2s, 2p. Large and uniform weights of the zeroth-order wave functions were obtained for all states and distances studied here in the intermediate single state CASPT2 calculations using an imaginary shift of 0.20. 12 The calculations presented here have been performed using the MOLCAS program system. 13 The focus of this paper is on the trends of bond length changes and transition energies with increasing pressure and these trends have been shown to be very slightly affected by spin-orbit on a recent work on Cs 2 NaYCl 6 :U 3+ conducted in our laboratory. 14 Accordingly, all the numbers presented here correspond to spin-free Hamiltonian calculations. A detailed quantitative comparison of the absolute value of the calculated transition energies with experimentally determined transitions is out of the focus of this paper and it would require more demanding calculations with the inclusion of spin-orbit effects.
The effects of pressure were modeled by using AIMP embedding potentials produced in this work. The embedding potentials corresponding to a certain lattice constant, which are assigned to a given external pressure, were obtained through self-consistent embedded ions calculations; 6 they allow one to incorporate quantum-mechanical interactions with the host SrF 2 ions in the ͑SmF 8 ͒ 6− cluster Hamiltonian. The values of the lattice constants used are listed in Table I , together with the corresponding −⌬V / V values. As the isothermal compressibility of the material is = 1.43 kbar −1 , 15 the used lattice constants are expected to span a pressure range of 1 bar-22.657 GPa, approximately. The actual embedding potential is built by adding to the cluster Hamiltonian AIMP embedding potentials for 1656 ions, located in a cube of length 5a 0 centered on the impurity, plus 4888 additional point charges representing further ions ͑located in a cube of length 8a 0 ͒. These ions bear the nominal ion charge, except those located at the frontier, which bear fractional charges according to Evjen's method. 16 All AIMP potentials ͑both core and embedding͒ and basis sets are available in electronic format from the authors. 
III. RESULTS AND DISCUSSION
For all 42 different electronic states mentioned above, we have computed the equilibrium distances ͑R e ͒, the shifts of the bond length upon excitation ͓⌬R e ͑i → j͔͒, totally symmetric vibrational frequencies ͑ a 1g ͒, and minimum-tominimum transition energies ͓⌬E e ͑i → j͔͒. We present the results for the selected representative states ͓4f 6 7 A 2g , 4f 6 4 The linear fit to experimental data is represented by solid lines in Fig. 2 . The experiments predict a redshift of the 5d → 4f band of some 149 cm −1 / GPa. It is clear from the figure that our calculated values reproduce the experimental trend. This agreement confirms the theoretically predicted shifts of the transition energies with pressure, the remaining quantitative discrepancies being associated with the approximations adopted in the present work, commented above. The plots of the potential-energy surfaces of the different states for ambient pressure and 11.329 GPa are given in Fig.  3 . The results in Table I and Fig. 3 show a significant shortening of the Sm-F bond length upon 4f 6 7 A 2g → 4f 5 5d͑e g ͒ 1 1 7 T 2u excitation at ambient pressure as well as at higher pressures. These results are in line with those found before for electronic transitions in sixfold coordinated Ce 3+ , that is, a shortening of the bond length upon excitation from f to the lowest-lying d orbitals ͑t 2g in octahedral coordination, e g in cubic coordination͒. As stated above, the shortening of the Sm-F bond length upon 4f 6 7 A 2g → 4f 5 5d͑e g ͒ 1 1 7 T 2u excitation is related to a redshift of the transition with pressure, confirmed experimentally. From these facts, we conclude that Eq. ͑1͒ also holds in this more complex six f-electron system.
On the other hand, the results of Table I and Fig. 2 show a small blueshift of the 4f 6 7 A 2g → 4f 6 5 E g transition with pressure of 25.3 cm −1 / GPa. The experiments predict a negligible redshift of the 4f → 4f band ͑3.9 cm −1 / GPa͒. 4 Again, our results reproduce the experimental trend of almost independence of the 4f → 4f transition energy with pressure. The results in Table I and Fig. 3 show a negligible increase of the bond length upon 4f 6 7 A 2g → 4f 6 5 E g excitation. This negligible increase of the bond length is related to a transition energy nearly constant with pressure.
Altogether, these results give a strong support to the theoretically predicted bond length changes upon f → d excitation. On the other hand, they firmly establish high-pressure spectroscopy experiments as a way to find the sign of bond length changes upon excitation in these systems.
The results in Table I and Fig. 3 show a bond length increase upon 4f 6 7 A 2g → 4f 5 5d͑t 2g ͒ 1 6 7 T 1u excitation. From the results in Table I and Fig. 2 These values, for the different pressures, are shown in Table  I under the heading ͗5d 1 ͘. Although this state is not real, it is useful as a reference for discussion, as it corresponds to a removal of the d ligand field splitting effects. According to our calculations, the 4f n → ͗4f n−1 5d 1 ͘ transition results in a lengthening of the impurity-ligand bond length, the final shortening of the bond length upon 4f n → 4f n−1 5d͑e g ͒ 1 transition being due to the ligand field splitting of the 5d orbitals. This is the same effect found in Ref. 2 for ͑CeF 6 ͒ 3− embedded in an elpasolite lattice. Related to this lengthening of the impurity-ligand bond length upon 4f
n → ͗4f n−1 5d 1 ͘ transition, the energy of the ͑hypothetical͒ 4f n → ͗4f n−1 5d 1 ͘ transition should grow with increasing pressure.
Although the general agreement of our calculated transition energy slopes versus pressure with the experimental ones is satisfactory ͑see Fig. 2͒ , we notice that our calculated redshifts are smaller than the experimental ones. In fact, for the f → f transition we predict a small blueshift, while experimentally a negligible redshift is found ͑see Fig. 2͒ . Spinorbit can have an influence on the slopes of the transition energies, as it will mix states with slightly different Sm-F distance. As a way to have a hint of what could be the influence of spin-orbit on the calculated slopes, we have calculated the slope of the transition energy versus pressure for all the states considered in the calculations ͑see above͒ and then calculated the averages of the slopes of transition energies for the different manifolds. We consider that spin-orbit will couple states mainly within these different manifolds and the comparison of these averaged slopes gives a hint on the spinorbit effects on these values. The calculated averages are 39.8 cm −1 / GPa ͑transition to states in the 4f 6 S = 3 manifold͒, 27.2 cm −1 / GPa ͑4f 6 S = 2 manifold͒, −80.8 cm −1 / GPa ͓4f 5 5d͑e g ͒ 1 manifold͔, and 328.2 cm −1 / GPa ͓4f 5 5d͑t 2g ͒ 1 manifold͔. Then, using these numbers we get a value of −12.6 cm −1 / GPa for the slope of the transition energy versus pressure of the 4f 6 S =3→ 4f 6 S = 2 excitations. The sign of this slope is affected by the inclusion of spin-orbit effects, and accordingly, we can only state that the transition energy is almost constant as pressure changes, in qualitative agreement with experiment.
Experimentally, the values of the transition from the lowest level of the 4f 5 5d͑e g ͒ 1 configuration to the ground state and the transition from the 5 D 0 state of the 4f 6 configuration ͑the lowest-lying quintet state͒ to the ground state have been determined, at ambient pressure, to be 15 032 and 14 605 cm −1 , respectively. 4 Our results for the position of the lowest-lying 4f 5 5d͑e g ͒ 1 state and the lowest-lying 4f 6 quintet state are, respectively, 16 080 and 16 030 cm −1 . The difference between these numbers leaves room for the effects not considered in the calculation, mainly spin-orbit interaction and a higher level of electron correlation. An accurate calculation of the absolute value of the transitions is not the goal of this paper and it would require very demanding calculations.
On the other hand, our results at ambient pressure for the totally symmetric vibrational frequencies could be compared with experimental ones, as they should be almost unaffected by spin-orbit effects. 7, 14, 19 1 ͒ ͑use the configurational diagram for ambient pressure and assume that the effects of pressure correspond to moving inward across the R axis͒, can be equally used in this case ͑cubic 4f 6 ion͒, as it can be deduced from Fig. 3 .
IV. CONCLUSIONS
In this paper, we present quantum-mechanical ab initio simulations of high hydrostatic pressure spectroscopic experiments on Sm 2+ : SrF 2 . The simulations have been carried out using embedded-cluster wave-function based techniques which include scalar relativistic effects, valence electron correlation, and quantum-mechanical embedding effects. We have obtained spectroscopic constants ͑equilibrium distances and breathing mode vibrational frequencies͒ for a number of states of the impurity and calculated minimum-to-minimum transition energies between the states, for several external pressures. We have found that the relative bond length positions are R e ͓f n−1 d͑e g ͒ 1 ͔ ഛ R e ͓f n ͔ ഛ R e ͓f n−1 d͑t 2g ͒ 1 ͔ in this cubic symmetry. In line with previous theoretical results 3 that have not been confirmed nor rejected experimentally, this sequence of bond lengths leads to a redshift in 4f n → 4f n−1 5d͑e g ͒ 1 transitions, nearly constant 4f n → 4f n transition energies, and a blueshift in 4f n → 4f n−1 5d͑t 2g ͒ 1 transitions with increasing applied pressure. In Sm 2+ : SrF 2 , these trends are qualitatively the same as those found in actual experimental results, 4 the quantitative agreement of the slopes of the transition energy versus pressure being satisfactory. This agreement gives a substantial amount of credit to the theoretical determinations of bond length changes upon excitation on complexes of f elements and, in particular, establishes the fact that a shortening of the bond length happens upon the lowest f n → f n−1 d 1 transitions. Besides, it is shown that high-pressure spectroscopic experiments can indirectly reveal the sign of the bond length changes upon electronic excitation, constituting a simpler alternative to highly demanding excited-state EXAFS experiments.
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